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PRELIMINARY INVESTIGATION OF THE ELECTRODYNAMICS OF A. CONDUCTING TETHER 
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An Introductory study of the properties of an electrically conducting 
tether flown from the shuttle Is presented. Only a single configuration Is 
considered.: a vertical conductor moving normally across the Earth s field, 

connecting the shuttle to a large conducting balloon that passively ®x*]f ac 2 * 
electrons from the Ionosphere. The rather surprising nature of the distortions 
In the plasma at maximum current collection are described, as are the local 
and distant wakes. Numerical values are crude approximations, the emphasis 
being on the nature of the process, not on engineering values, but It Is hoped 
that this discussion will prove useful. 


ELECTRODYNAMIC PROPERTIES OF A CONDUCTING TETHER 

There Is a developing Interest In the possible uses of tethers In space 
for such purposes as transferring energy and momentum between bodies, effecting 
rendezvous and probing neighboring parts of space v Including regions such as 
the upper atmosphere otherwise Inaccessible to a spacecraft. Tether lengths 
of up to 100 km have been considered as possible, and major experiments are 
being designed. 

It has been conjectured, perhaps first by Alfven, that If such a tether 
were made conducting, then since In the neighborhood of the Earth It moves 
across a magnetic field and hence experiences an emf between the ends. It could 
draw a current from the surrounding plasma which could provide power for use 
on a spacecraft (ref. 1). In this paper some aspects of this conjecture are 
considered In Its earliest and perhaps simplest mode: a conducting tether 

extending up from the shuttle In low Earth orbit to some suitable collector. 


Possible Uses of a Conducting Tether (refs. 2, 3) 

Power. - In low Earth orbit, h = 200 km, V = 8 km/sec, and the electric 
fleldTlortg the tether E = V x B « 0.24 V/m. The exact level of the voltage 
drop along the wire Is a* = -AL • [£!_&) * Jll. V E being the rotational speed 
speed of the Earth; hence It depends on position and orientation of the tether, 
field, and velocity: the given figures are representative. If the tether con- 

tained an 18-gauge copper wire (0.1 -cm diameter, 7.3-kg/km weight, and 20-fi/km 
resistance), the maximum current that could be drawn would be ~12 A. Fifteen- 
gauge wire has half the resistance and double the weight, but would permit a 
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maximum current of 24 A to be drawn. At this current level the power dissi- 
pated would be 2.4 kW/km, or 240 kW for a 100-km tether. With 18-gauge wire 
about one-quarter of- this could be u sed In t he spacecraft; with 15-gauge wire, 
about one 4ialf . 


The energy, of course. Is not free: It Is Obtained by Increasing the drag 

on the spacecraft and, If steady operation Is required, this drag must be com- 
pensated for by using rocket fuel. However, a$ has been pointed out, there Is 
an energetic advantage In using fuel this way rather than directly for onboard 
power. The energy obtained by using the fuel for thrust Includes Its poten- 
tial, which Is comparable to the chemical energy, the only fraction used If It 
is burnt for onboard power. 

Thrust and drag . - If the tether carries a current I, It experiences a 
force I x B/unlt length; hence the system (spacecraft ♦ tether + collector) 
experiences a total force I x BL^, where 1$ Is the vertical length of the 
tether. For shuttle heights and a current of 10 A, this Is about 0.2 N/km * 

20 N for a 100-km tether. It is essentially a drag, doing work at the rate 
I x B - V L* * -it, although It may be Important that there Is an out-of-plane 
component to the force. Moreover, this component of the drag Is readily 
controlled simply by modulating the current that Is drawn. 

The tether may also be used actively. If the collector can also operate 
as an electron emitter, a current can be driven through the tether, In which 
case a force of ip x BL^ acts on the shuttle. The potential drop needed to drive 
this current Is A$ = IqR + V x B • + A 4 >, where A<t> Is the potential— drop 

needed to-collect the current from the plasma. The efficiency Is then 


n = IqR + V x B . * A<j> 

Introduce the saturation current 



V x B . L t 
R 


and a fictitious "collection current" lA4>/R 
show Is usually small, then V 



which we shall later 


n = 


1 + 




Thus although the thrust Is small (like most electromagnetlcally driven thrust- 
ers), the efficiency can be quite high. Adequate current collection may cause 
problems. Moreover, the thrust need not be In the orbital plane, and depends 
on the orientation of the tether. This In turn may be modified by modulating 
the current, and many electromechanical games may be played. 

Communications . - The tether constitutes a very long antenna Immersed In 
a magnetoactive plasma; It carries a current that can be passively modulated 
Just by activating a switch and may be useful for communications at very low 
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Jh S ’ B ® ca J* M 4 0f the Pecu-llar tran-sm.sslon properties of the magnetized 
sw« a *hi her * may ? e ) m Portant advantages In using an antenna of this type. 
Since these transmission properties are so complex, a_good deal, of theoretical 
Investigation Is required-before this will have-been adequately explored. 

/ i 11 ^ /l E J en .I f the current Is not modulated, a significant disturbance Is pro- 

till** be SSiX?.!!! ‘ etner: tpp «*• 't '«» S behind in the ^neto- 

sphere-. The collector also leaves a wake, and these two have rather different 

and by no means obvious character. Some fraction of the signals produced are 
ter1st1cs d s?gnatures 1y ** th * Collector - tether system goes by and havechaiac- 

»othJ*h ;iiI atl0n ' '.” any ° f the s ^als that are, or could be, produced by the 
tether have propagation characteristics that depend In some detail on the* 

nature of the plasma through which they propagate. Hence they may be useful 

nin a I? e ‘ sca1e s r opt1c ex Pl° ra t1on of parts of the magnetosphere. These ex- 
piations are of practical Importance since they also constitute explorations 
of possible communications channels. explorations 


Questions 

be ahir S D r«iiIJ? C f K° n ‘ " The elect rodynamtc use of a tether requires that It 
c!n hi ainp 1 cl ne ^H sary current * lt 1s by no means obvious that this 
the Irdtr It ~ f 1 P ° S ^ 1ve p I obe Pia^ In a plasma collects a current of 

2xl05/™3 ^ ea ; Where * V = V^mir. At shuttle heights, where 
order If ? 5 m A/" d t 2L tempe !I? ta [ e 1s a PP rox1m ately 0.2 eV, this Is of the 
5 i? A/ T v an ? a c ° nector area of approximately 2000 m 2 should be 
^ 9 h°c 0lleCt ab 4 Ut 5 ? * refs - 4 » 5 X- 0n the other hand. It Is not clear 

an aria in? 6 ° an ? e d [? wn by a 1arge probe - Suppose the collector has 

an area ~0 and hence a length across the magnetic field of ~D. Then cur- 

trons extracted 6 ™/™"*!*"* f1e ] d 11ne for a 0/v * and the number of elec- 

thu lu nt P ' e I u ? U area 1s approximately equal to nv (0/V). To collect 
tnis, all of the electrons must be removed from a column of length L- * (v/VI 0 

S5 S'?„ eV a "J a aonec * or ‘I** «f 8 km/sec, this Is Uo 0 ~ 

to°o11ect this current? d ° fS th ’ S happen? And how "" ,ch ener 9> weled 

wavew£ff' « S r,r #1, " k ! B "« rk has been done on the Production of Alfven 

InstLd f f r h!f $ l rUCtUreS T 0V l ng through the ^gnetosphere. We have 

nstead a structure that draws an electric current, extracttno neaatlve e ha rap 

magnetic field" 1 L 10 another • while seriously modifying the local 

dlftant D^nlrn.rif IL ! eC V f « hese modifications on the local and 
2 3 Pr ° PerteS , 0f J he magnetosphere? What happens to the charges? How 

balance? CUrrent close? Where does the momentum come from? What Is the energy 

fh« -tti-lgni.* - The whole question of low-frequency propagation through 

the magnetosphere Is one that can be answered In principle (l.e. the response 
function !s well known and can easily be written down for a plane wave). V>w 
his connected to the signal produced by a source of a given configuration 
SIfd?« t iiJ! 9h e? n ?;j nU u rm Plasma? (or for ihat matter, moving through a 
•Hcn 2 r? 4 P aSm i ? L At ^ ern P ts to deal with these problems require handling the 

hi^endoS? propeI?7es° r * W3rm magnetop1as,naa a mathematical object with quite 
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laboratory^ale'an^would Ke'sIgntflMnt'liifJrMtil' 1 h® c i rr,el, - <,ut «-a 
should such information be l^erp’eted? heM? An<l ,f ^ "ow 


. cscrnt investigation 

two questlons^J^rpartleular^c^ concentrated on 

the s.r coi ^°" ss 

rent If^Tf^rflpheJe^r^dlulSS m^ballJlT t\th Uq 4 i atu ' at1on cur " 
Ity of a l-mll layer of coDoer th* L!:.I„?!l loon : w1th a surf ace conductlv- 

a density of 2x10* electeons/cm? T neutr2lilpH P h! r f S co ? s1dered ** containing 
charged positive 0'6 , 0 „ s> « egual^ wmber_of singly 


— M(B v H ua i iHJinucfr or sinui v 
temperature of 0.2 eV (*2200°) (ref. li). 


langmuirchnd^hMtrfrom 1 ! Jlrtuar^thode e that° 11eC J ed P rou9h an Averse 

to a distance of ~, M m. the r«,uf^ 5“«??a! d^ °“‘ ,r " th * 


4, - KI 4 /X_\ 

e 3 w 


4/3 


lected? 6 however^ thls^ssume^th^'th^DMlti' 11 ? <:ur, "? ,, * c0 “ld «»t he col- 
the field of the collwto^s scrleneS b5^h! I? 1 ? ns p1ay ™> .role and that 
He have considered- the role of thTtoJs Ld havl'cJirj *'“* ’J ,s 
conclusion. s ana have come to a much more optimistic 

electr1c S f1eld t that f 1t C produces > 'ls^eff-ectlw d i e °t *!* col1ector - The parallel 
electrons along the magnetic Hhp^ w ' ped out b Y the motion of 

as soon as the colleJt^ cJossls a "* !i th * c0 "* ct ° r ' However, 

are drained off, and the electric field bLl?r.A th * e,ectrons on that line 
the potential on that field line bpnw f n ^ « S *° f ppear - As a consequence, 
confined to magnetic field llJes b thllr IvrolldU^l a1t J 0U9h electrons are 
true for the much heavier Ions that have^n*™?!^ J 6 ? 1 )? ~V 5 cm ' th1s 1s n °t 
frame. This Is about 6 eV, aJd mtU t l L? f 1/2 k Mv2 tn the collector 
Ions are free to move across the flpin- hJ!!! t ® nt1a ] reaches this value, the 
the Ions are reflected. Since the Ion? h^f V f r Jk Wher \ th1s value 1s exceeded, 
reflected at this potent 1 a v t loLJZl ft!!* th ? rm ? 1 s P r ead, not all are 
to reflect most of the Ions! Mgher potent1alof eV Is needed 

velocity Siwn™ V§S^ Ce sin?i e the y ®lS?*S ar ^Ji e1 e1ectr1c f1 £ld and gain a 
density Is reduced by a factor of \ZkT7eZ ~°l/fl UX J ema1 !! S «.K~ n ^’ the electron 
Ion densities are reduced, the electrons^ Jar* lifi" 06 b ? th the e! ectron and 
by partial reflection, there exists a SoteJtlfl I a 5S e1 l ^ ra ! 1on and the 
electron and Ion densities are equal if Jhl Lf° l 12 f V at wh1ch tf »e 
with respect to the undisturbed plasma u^Ih 3t th1s P° te nt1al 

even though the accelerating fields sit not no^r Ji! eCt ii® sa l :ura t1on current, 
row sheath that extends out a an angl % on t a h %£® 11 ® cto [; but on a nar-’ 

angle v/v along the magnetic field and 
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drop^needed^to^oUecf tH-^cirrent 1 ?? f h ® J°^ ector - The voltage 

SS5S «ai£S:« E^iry,;' 

« m, t ,* a %5j *5 ^ s “ as rui e r^ tro ? s r w 

Of 0, the collector width, behind the collector iLmJ 2m! °f the order 
region fills In at a rate atven k u *JL« e Ik’ , Beh,nd this-, the low-pressure 

the collector 65 n0t reC ° Ver Us oM9lnal rfensTt?" behind 
In gyr^orblts 'with 1 ^radius 7'° C ’$J / 1" th f pUs "» fr "“ of 2 V hence move 

P.°"^, t0 ^ the'tota^' 6 V* tosm^cha^^if'^'o^rir ?„V 

e!ec^„s a^ 3 ?^ f e°?d C H^ {TlX.?” ’* ,“>«<• »y an Uuxof 

^s,OT.:irr- TP " a^L^r t,,e 

field lines and eventually „ SaUnced^m^Xr aCr ° SS 


v e + 


le. 

v 


0 a tt. 0 = 5 km 

e 


: as :; Rf.w 

kTSHw 

the field lines with a density of ^"V »/ r 2 1ed by the 1ons; then f ^ ows alor *9 

associated « ^c‘Vr!S . £ 4&1sTfi?t£ IS, 

magnetic twist) ^xin-6 „ .! * ” ,u 9 tor the first current (a 

1.2x10-6 g for ihe third (a further'maSneUc Me "’ stren » tl »- and 

in the h tether r ToJ^rc^blUt^SeT^ 1 ' 0 ''!!?. ’ S produce<1 b » ‘ b « magnetic field 
and the field lines close ahnn! fJ 6 ! 6 !J er th1s f1eld exceeds the Earth's field 
falls of^as 1/r U ? s imSo2LIf%! e n th 2 r ’ ^ 11e beyond th1s the disturbance 
compresses the field lines but doe? Snf 0 !^ h J wever * that the tether bends and 
when we consider the nature of !S! 1nt :° duce a twist. This Is important 
a horizontal field 6 Wak ® S and 1s a resu1t of our assumption of 


653 


J 


The MHD wake . - The low-frequency disturbances produced by the passing of 
the tether can be described la the simplest approximation by considering the 
plasma as. an Ideally conducting fluid. For our case the velocity of sound Is 
much less than the Alfven speed C$ * 2 km/sec, * 130 km/sec* and there are 
three possible waves (ref. 10); an Alfven wave, which propagates along the 
magnetic field, with the Alfven speed; a channeled .sound, wave, which again prop- 
agates along the magnetic field, but now with the speed of sound; and an 
isotropic magnetflacpustlc wave, which propagates Isotropically with the Alfven 
speed. 

Since- the Alfven speed Is much greater than the speed of the tether 
(8 km/sec), the magnetoacoustic wake does not appear as a dynamic wave, 
instead It Is static in the te ther fr am e and Is modified- slightly by the 
"Lorentz" contraction — z_* z Ul - V*/Cj^ j, which for our case Is ~0.1 
percent . V ' 

The magnetic twists (~2xl(M g) propagate along the magnetic field lines 
wltn the Alfven speed but are slowly attenuated as a result of collisions, with 
a scale length substantially greater than the electron mean free path: In 

fact of the order of 


L 




v a -V 0 
e 


x 


f 


where dp Is the colllslonless screening length, c/«p~ = 4 m for our case and 
hence L & (C^/V) 2 ~ 800 km. If the magnetic field has a vertical compo- 

nent or if the tether Is not perpendicular to the field, then a very much larg- 
er signal can be propagated as art Alfven wave, and It Is here that communica- 
tions possibilities may exist (frequencies must be substantially less than the 
ion-gyrofrequency, when Doppler shifted, Q* = 180, v s 28 cycles/sec). 

The magnetoacoustic mode produces a modification In the magnetic field 
strength that Is almost Indistinguishable from the vacuum field. The azimuthal 
field has the vacuum form, but there Is superimposed on this a small radial 
field 


8 


r 



sin 2e 
r 


and an associated current density 


3 



cos 2e 


r 


2 


This can be quite large near the tether but Is only correctly described for 
values of r » 2 cm, where nonlinear modifications become unimportant 
(hence J « I). 


The magnetosonlc wave that carries the pressure pulse represents a 
position of the channeled sound wave, and the Isotropic magnetoacoustic 


super- 

wave. 
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The pressure pulse propagates along the field line and, as It propagates, pro- 
duces a pressure disturbance In Its neighborhood that falls off as 1 /*, where 
p Is the perpendicular distance to the field line. The disturbance rapidly 
becomes -small, and In addition, In a-more rigorous treatment, Is damped. 

high- frequen cy. c omponen ts . - If the plasma-1 s treated by the more rigorous- 
and appropriate method of collislonless kinetic theory, the low=frequency MHO 
results are reproduced., providing that the conditions k„v a -/k • V « l and 
k ii v eVk • v >> 1 are satisfied. (Mote that this. Invalidates the slow sound 
wave, which becomes strorgly damped.) There are, however, other modes of 
oscillation passible ,_a nd _ man . y of these waves_bave peculiar transmitting 
properties. 

If we work only to lowest order In the Ion gyror^cilus, using the cold Ion 
approximation, then the tether field gives rise. In addition to the quasl- 

responie * to aR oscl ^ at,n 3 field whose amplitude depends essentially on 
the distance along the field line from the point of observation to the tether 
and only slowly on the distance along the direction of motion. The frequency* 
however, varies with this distance and, as a. result, a signal modulated In 
both amplitude and frequency Is produced as the tether passes. 

The charge density can also excite a narrow band of Langmuir waves, pro- 
vl ding that k • V/k|,v e “ » l. These combine again to give a modulated wave as 
the collector passes. The signal occurs In planes above and below the collec- 
tor, and this time has a constant amplitude depending only on the distance 
projected along the field line and Is again a slowly modulated sine wave In 
the region of Its appearance. 


CONCLUSIONS 

This has been an Introductory essay on the subject of conducting tethers 
We have presented arguments suggesting that current collection can be reason- 
ably efficient even with a fairly simple system, although the local modifica- 
tion in the plasma Is both unexpected and dramatic. We have also discussed 

some features of the wake and have explored several components: the Alfven 

wave, magnetoacoustics, and high-frequency elements. 

This Is by no means a complete study; It Is suggestive rather than demon- 
strative. We have not given a complete and consistent theory of the extended 
sheath (the high field region needs to be analyzed), nor have we discussed Its 
overall stability. 

The discussion of the wake Is also Incomplete. The pressure mode (the 
slow magnetoacoustic wave) Is probably strongly damped, and the connections to 
the source have not been evaluated In full detail. Some of the results, the 
lack of Alfven waves from the tether, for example, depend on the orientation 
chosen and would be modified as the system moved. 

The treatment of the high-frequency components Is also Incomplete. We 
have used a greatly oversimplified representation of the dielectric response 

neglecting the effects of Ion thermal motion., Including the higher cyclotron* 
resonances. 


This u f“LS* Pr ? Sent ^ 4 carcfu ' analysis of motion around tho tether 
ofWe^S^rw^rr^o^" 1 "’" 0 *• ,h<! ,1nMr “ 4 ’° s requlres^treatment— 

aynam""^^?^ ^Elo^oT^^t^ 5 ^" “* P °” W ' '"«* ° f »>«tro 
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Figure 2. - Current collection - locdl effects 
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Figure 2. - Current flow near collector 
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WAKES 



Slow 

magnetosonic 


Figure 4. - Wakes. 
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